ABSTRACT: Dissolved hydrogen (dH 2 ) influences the pathways of VFA production and is a precursor of methane formation in the rumen. Measurements of dH 2 in rumen fluid taken at the same time as measuring other rumen fermentation end products would improve our quantitative understanding of the role of dH 2 as a controller of rumen fermentation. Sample collections though a rumen cannula and using oral stomach tubing were compared for measurements of dissolved gases and fermentation end products in the rumen fluid of 4 ruminally cannulated dairy cows fed a total mixed ration of corn silage and concentrate. Rumen fluid was collected at 0, 2.5, and 6 h after morning feeding through the cannula from cranial dorsal rumen, cranial ventral rumen, central rumen, caudal dorsal rumen, and caudal ventral rumen and in parallel by oral stomach tubing at 2 insertion depths of 180 cm (sampling the central rumen) and 200 cm (sampling the caudal dorsal rumen). The cranial dorsal rumen had the greatest pH and smallest VFA concentration among 5 sites sampled. Samples collected by oral stomach tubing had greater (P < 0.001) rumen pH and less (P < 0.001) dissolved methane (dCH 4 ) and lower VFA concentration than that collected through rumen cannula. The dH 2 concentrations were positively correlated (r > 0.8) in rumen samples collected by the 2 sampling techniques, with a concordance correlation coefficient larger than 0.8 and scale shift being about 0.1 away from unity. The variations in the measurement of dH 2 , dCH 4 , pH, and VFA in samples collected by oral stomach tubing are most likely the result of saliva contamination. The time of sampling relative to feeding had significant influence (P < 0.01) on dissolved gases and fermentation end products, with the greatest concentrations of dH 2 , dCH 4 , and VFA measured 2.5 h after morning feeding. The dH 2 was correlated positively (r > 0.58) with dCH 4 and negatively (r < −0.65) with the estimated net H 2 production relative to the amount of VFA produced. This indicated that greater dH 2 enhanced rumen CH 4 production and also led to fermentation pathways that produce less H 2 , such as enhanced propionate and butyrate production. In summary, oral stomach tubing could be a feasible method to measure ruminal dH 2 in intact animals, but caution should be taken to minimize saliva contamination. Measurements made using both techniques yield similar conclusions for the effects of dH 2 on fermentation pathways and CH 4 generation. ◊ available for methanogens and influences fermentation pathways in the rumen (Janssen, 2010) . Therefore, measurement of rumen dH 2 is important for increasing our understanding of rumen function. A method for measuring ruminal dH 2 has been developed that relies on establishing an equilibrium between the gas and liquid phases in a sealed vessel according to Henry's law (Robinson et al., 1981; Wang et al., 2014) . This method depends on collecting representative samples of rumen fluid, which in turn depends on sampling methodology and sampling time relative to feeding.
Sampling though a rumen cannula and oral stomach tubing are important techniques for collection of rumen fluid from cannulated and intact animals, respectively. Oral stomach tubing is susceptible to saliva contamination and fluid exchanged with the omasum and abomasum (Geishauser and Gitzel, 1996) . Additionally, the insertion depth of an oral stomach tube could affect the measurement of ruminal pH and fermentation end products because pH and VFA concentrations may vary in different sites in the rumen (Shen et al., 2012) . Little is known about how sampling techniques, including oral stomach tubing with different insertion depths and sampling from different rumen sites through a cannula, affect the measurement of ruminal dissolved gases.
The objectives of this study were to compare the dissolved gases and fermentation end products in rumen fluid collected by stomach tubing and through the cannula and to determine the dissolved gases at different times after feeding and at different rumen location.
MATERIALS AND METHODS

Animal and Diets
Four nonlactating Chinese Holstein dairy cows (BW = 460 ± 38.7 kg [mean ± SD], 6 to 7 yr old) fitted with custom rumen cannula (101.3 mm internal diameter) were used in the experiment. The cows were housed in a tie stall and fed a total mixed ration (TMR) to allow approximately 5% of feed refused. The TMR contained 40% corn silage, 24% corn grain, 6% soybean meal, 10.2% wheat middlings, 13.2% distillers dried corn grains with solubles, 2% soybean oil, 0.5% sodium chloride (NaCl), 1.7% calcium carbonate (CaCO 3 ), 0.6% calcium hydrophosphate (CaHPO4), 0.8% magnesium sulfate (MgSO4·7H 2 O), and 1% premix (vitamins and microelements) on a DM basis. The premix was formulated to provide (per kilogram of DM) 1,000,000 IU of vitamin A, 200,000 IU of vitamin D, 1,250 IU of vitamin E, 8,000 mg of Zn, 80 mg of Se, 120 mg of I, 2,000 mg of Fe, 40 mg of Co, 2,500 mg of Mn, and 2,000 mg of Cu. The chemical composition of the diet (per kilogram of DM) was 135 g CP, 504 g NDF, 163 g ADF, and 6.55 MJ NE for lactation. The diet was provided in 2 equal meals daily at 0600 and 1600 h. All animals were tied up all the time and had free access to drinking water. The experimental period lasted 17 d, including 14 d of diet adaption, 1 d of testing for insertion depth through stomach tubing, and 2 d of sample collection. The animal manipulation procedures in this experiment were approved in advance by the Animal Care Committee, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, China.
Experimental Design and Sampling Procedure
Effects of rumen sampling technique and sampling times and sampling sites on dissolved gases and VFA were determined using rumen fluid samples collected through the rumen cannula and oral stomach tubing. Rumen fluid samples were collected at 0, 2.5, and 6 h after morning feeding from cranial dorsal (CRD), cranial ventral (CRV), central rumen (CR), caudal dorsal (CAD) and caudal ventral (CAV) sites through the rumen cannula and at insertion depths of 180 and 200 cm by oral stomach tubing. These samples were used to compare the sampling time and site effects of the respective sampling techniques. Preliminary measurement showed that insertion depths of 180 and 200 cm in the oral stomach tubing technique were equivalent to the CR and CAD sites, respectively, in the rumen cannula collection procedure, and those pairs of samples were compared for assessing the differences between sampling techniques. Rumen fluid collections were performed on 2 consecutive days. At each sampling time point, rumen fluid was first collected through the rumen cannula, which was immediately followed by oral stomach tubing.
The procedure for collecting rumen fluid through the rumen cannula was according to Shen et al. (2012) . The 5 sampling sites, CRD, CRV, CR, CAD, and CAV, were about 55 cm toward the esophagus, 55 cm toward the front legs, horizontally 25 cm in the midline of cow, 30 cm toward the hips, and 50 cm toward the hind legs, respectively. For each site, two 150-mL samples were collected, with the first being discarded to avoid contamination of the sampling tube from the previous sampling and the second being used for analysis of dissolved gases and VFA.
A rubber tube with an internal diameter of 18 mm that was encased in a flexible stainless-steel spiral spring and connected to a stainless-steel probe head that had one hundred sixty 2.5-mm-diameter holes (Anscitech Co. Ltd., Wuhan, China) was used for the oral stomach tubing technique. To collect the rumen fluid, the probe head was inserted into the rumen, and the rumen fluid would automatically flow through the tube into a bottle that was placed on the ground and connected to other end of the tube. A suction pump (suction velocity = 7 m 3 /h) was applied for a few seconds to free any blockage and facilitate the collection of rumen samples if rumen fluid did not automatically flow out. When sucking did not free the blockage, it indicated that the holes were severely blocked or the probe head remained on or above the surface of digesta. In these cases, the tube had to be moved back and forward to alter the horizontal site of the probe head or taken out, cleaned, and reinserted into the rumen. The rumen fluid in the tube when the vacuum force was applied was discarded, and only sample that flowed freely was collected for analysis. Two 150-mL samples were collected, with the first being discarded to avoid saliva contamination and the second being used for analysis of dissolved gases and VFA. The sampling tube was cleaned using running water after each sampling. The rumen fluid was first collected at 180 cm depth and then at 200 cm depth. The cows used had no experience with stomach tubing but were tested for insertion depths a day before the sampling.
Determination of dH 2 and dCH 4 Concentrations
Dissolved gases in rumen fluid were measured using the apparatus and procedures described by Wang et al. (2014) . A 35-mL subsample of rumen fluid was quickly transferred into a 50-mL plastic syringe fitted with a T valve, which was closed immediately, and cooled to room temperature. A 20-mL syringe was filled with 10 mL of N 2 gas and connected to the 50-mL plastic syringe via the T valve. The N 2 gas was then injected into the 50-mL syringe through the T valve, and the gases dissolved in the rumen fluid were extracted into the N 2 gas by vigorously hand shaking the syringe for 5 min. The volumes of gas and liquid were recorded using the scales in the small and large syringes, respectively. The room temperature was recorded as well. Gas samples from the 20-mL syringe were collected in evacuated tubes for the determination of gas composition. The gH 2 and gaseous CH 4 (gCH 4 ) concentrations were determined by gas chromatography (Agilent 7890A, Agilent Inc., Palo Alto, CA) fitted with a column (gas chromatograph packed column in nickel tubing, length 2,438 mm, o.d. 3.2 mm, i.d. 2 mm, Hayesep Q packing, mesh size 80/100), a thermal conductivity detector, and a flame ionization detector. The column was maintained isothermically at 60°C using N 2 as a carrier gas at a rate of 20 mL/min, and the temperatures of the thermal conductivity detector and flame ionisation detectors were maintained at 200°C and 250°C, respectively.
The dH 2 or dCH 4 concentration in the original rumen fluid was calculated using the following equations described by Wang et al. (2014) :
47.8948 65.0368(100 / ) exp , 20.1709 ln( /100)
68.8862 101.4953(100 / ) exp , 28.7314 ln( /100)
where C dgas is the dissolved target gas (dH 2 , μM, or dCH 4 , mM) concentration in the sampled rumen fluid; Cggas is the target gaseous gas (gH 2 , μL/L, or gCH 4 , mL/L) concentration measured in the gas phase of the 20-mL syringe at equilibrium after extraction of dissolved gases; Vg is the gas volume (L) at equilibrium after extraction of dissolved gases, assuming 1 atm in the gas phase of the 20-mL syringe; Vl is the volume of liquid (L); T is the temperature in K (273 + temperature in °C); and α gas is the Bunsen absorption coefficient (L/L) for target gas (H 2 or CH 4 ; Wiesenburg and Guinasso, 1979) .
Rumen Fermentation End Product Analysis
The rumen fluid was first strained through 4 layers of cheesecloth and then used for analyses of pH and VFA concentrations. The pH of strained rumen fluid was measured immediately using a portable pH meter (Starter 300; Ohaus Instruments Co. Ltd., Shanghai, China), which was calibrated before each sampling time using standard buffers (pH 4.0 and 7.0).
Samples of 2-mL rumen fluid were centrifuged at 10,000×g for 10 min at 4°C. Aliquots of the supernatants (1.5 mL) were transferred into plastic tubes containing 0.15 mL of 25% (wt/vol) metaphosphoric acid. The mixtures were vigorously hand shaken and stored at −20°C for at least 24 h before subsequent analysis. After recentrifuging at 15,000 × g, the VFA concentrations in the supernatants were measured using gas-liquid chromatography (Agilent 7890A, Agilent Inc.), according to the method described by Wang et al. (2014) .
Estimation of Net H 2 Production from the VFA Profile
Reducing equivalents, in terms of H 2 , are produced from fermentation of carbohydrates and amino acids to VFA. Net H 2 produced (P NH2 , mmol/d) was estimated using the stoichiometric model described by Demeyer (1991) and Wang et al. (2014) :
where P ac , P bu , P ibu , P pr , P va , and P iva are the production of acetate, n-butyrate, isobutyrate, propionate, valerate, and isovalerate, respectively. Bannink et al. (2006) proposed the following equations to link between VFA production and concentration:
P VFA = P ac + P bu + P ibu + P pr + P va + P iva , [9] where C ac , C bu , C ibu , C pr , C va , and C iva are the concentrations (mM) of acetate, Net H 2 production relative to the amount of total VFA produced (R NH2 ) was estimated by the following equation (Wang et al., 2014) :
[10]
It was assumed that all individual VFA had equal absorption rates to simplify the calculation, although they are known to have different absorption rates depending on chain length and pH in the rumen (Storm et al., 2012) . It was also assumed that all individual VFA had equal outflow rates (Dijkstra et al., 1992) . With the special case of absorption and outflow rate being identical for all individual VFA (Bannink et al., 2006) , the R NH2 was estimated by substituting Eq.
[2] to [9] in Eq. [10]:
Statistical Analysis
To compare the effects of sampling at 2 insertion depths, the data for rumen variables for samples from 2 depths of tube insertion and 2 sampling times were subjected to the linear mixed model of SPSS 12.0 (SPSS Publisher, Chicago, IL), and the analysis model was expressed as follows: ◊ where Y ikmj is the response, μ is the general mean, A i is the random effect of animals (i = 4), T k is the fixed effect of sampling time (k = 3), L m is the fixed effect of 2 insertion depths of 180 and 200 cm (m = 2), and e ikmj is the random error term. Significant interactions between L m and T k were not detected (P > 0.10) and thus are not provided in Table 1 . Differences among means of T k and L m were further compared using the LSD method.
To compare the effects of sampling at different rumen sites, the data for rumen variables from the samples from 5 rumen sites and 3 sampling times were subjected to the linear mixed model of SPSS 12.0, and the analysis model was expressed as follows:
where Y ikj is the response, μ is the general mean, A i is the random effect of animals (i = 4), T k is the fixed effect of sampling times (k = 3), S j is the fixed effect of 5 rumen sites (j = 5), and e ikj is the random error term. Interactions between S j and T k were not detected (P > 0.10) and thus are not provided in Table 2 . Differences among means of T k and S j were further compared using the LSD method.
The data for rumen variables from the rumen fluid collected from rumen cannula (sites of CR and CAD) and oral stomach tubing (insertion depth = 180 and 200 cm) were subjected to the linear mixed model of SPSS 12.0 for comparing 2 sampling techniques, and the analysis model was expressed as follows:
where Y ikjm is the response, μ is the general mean, A i is the random effect of animals (i = 4), T k is the fixed effect of sampling times (k = 3), M j is the fixed effect of sampling techniques, S m is the fixed effect of sampling sites (m = 2, samples from insertion depths of 180 and 200 cm were equal to those from CR and CAD collected by rumen cannula, respectively), and e ikjm is the random error term. Interactions among M j and S m were not detected (P > 0.10) and thus are not provided in Table 3 . Correlations of dH 2 concentration determined by the 2 sampling techniques were further analyzed using the linear regression model of SPSS 12.0 to obtain simple correlation coefficients (r) and best regression equations. The concordance correlation coefficient (CCC) analysis was performed to test for the correlation relative to the line of unity (Lin, 1989) :
where C b is a bias correction factor; v is scale shift, a measurement of changes in SD of dH 2 between 2 sampling techniques; μ provides a measure of location shift between 2 sampling techniques; S o and S c are the SD of dH 2 in the samples collected by oral stomach tubing and ◊ rumen cannula, respectively; and A o and A c are the average dH 2 in the samples collected by oral stomach tubing and rumen cannula, respectively. R gives the precision (measurement of the deviation of observations from the best fit line), whereas C b is the accuracy (measurement of how far the regression line deviates from the unit).
Effects were considered to be statistically significant if P < 0.05, and a tendency was considered at 0.05 < P < 0.10. Data from rumen cannula and oral stomach tubing samples were averaged for each animal and sampling time, resulting in 12 animal-sample time combinations for each technique, and were used to analyze the relationships between dH 2 and dCH 4 , between dH 2 and acetate to propionate ratio (Ac/Pr), between dH 2 and acetate to butyrate ratio (Ac/Bu), and between dH 2 and R NH2 by using the linear regression model of SPSS 12.0.
RESULTS
The dH 2 , pH, molar proportions of individual VFA, and R NH2 were similar for rumen fluid collected by oral stomach tubing at insertion depths of 180 and 200 cm. However, total VFA concentrations (P < 0.05) were lower, and the dCH 4 concentration (P < 0.001) was greater in rumen fluid collected at 200 cm depth than in that collected at 180 cm depth (P < 0.05; Table 1 ).
Rumen fluid collected through the cannula from different sites in the rumen had significantly different concentrations of dCH 4 (P = 0.01) and VFA (P = 0.05) and pH (P = 0.02; Table 2 ). The CRD had the greatest pH (P < 0.05) and lowest concentration of VFA (P < 0.05) among the 5 sites of the rumen.
Rumen fluid from both CR and CAD collected using the oral stomach tube generally had significantly (P < 0.001) greater pH and lower concentrations of dCH 4 (P < 0.001) and VFA (P < 0.001) than that collected through the rumen cannula (Table 3 ). There was a strong positive correlation of dH 2 concentrations in rumen fluid from CR collected using the stomach tube at an insertion depth of 180 cm and rumen fluid collected from the same site through the rumen cannula (r = 0.850, P < 0.001; Fig. 1A) . A similarly strong positive correlation in dH 2 concentration was found in rumen fluid from the CAD collected using the stomach tube at an insertion depth of 200 cm and collected through the rumen cannula (r = 0.979, P < 0.001; Fig. 1B ). There were variations in measured dH 2 concentrations in rumen fluid sampled by the 2 sampling techniques. The CCC and v were 0.845 and 1.09, respectively, when comparing oral stomach tubing at an insertion depth of 180 cm vs. sampling the CR through the cannula and were 0.974 and 0.907, respectively, when comparing oral stomach tubing at an insertion depth of 200 cm vs. sampling the CAD through the cannula.
The time of sampling relative to feeding had a significant (P < 0.001) influence on the concentrations of dissolved gases and VFA for both sampling techniques (Tables 1 and 2 ). Rumen fluid collected 2.5 h after morning feeding had the greatest (P < 0.05) values for dH 2 , dCH 4 , Vg, and VFA and the smallest (P < 0.05) pH, Ac/Pr, and estimated R NH2 in comparison to those collected at 0 and 6 h after morning feeding. The lowest pH measured was 6.22 at CR 2.5 h after feeding.
There were significant negative linear correlations between dH 2 and Ac/Pr (r = −0.768, P < 0.001), between dH 2 and Ac/Bu (r = −0.780, P = 0.003), between dH 2 and estimated R NH2 (r = −0.767, P = 0.004), and between dH 2 and dCH 4 (r = 0.582, P = 0.04) in samples collected through the rumen cannula (Fig. 2) . When the rumen fluid was collected by oral stomach tubing, the strength of the correlation between dH 2 and the R NH2 decreased (r = −0.682, P = 0.01) and increased between dH 2 and dCH 4 (r = 0.716, P = 0.009).
DISCUSSION
Comparison of Rumen Sampling Sites
The CRD site had the greatest pH and the lowest VFA concentration among the 5 sites. Shen et al. (2012) reported that pH and total VFA in the CRD were greater by about 0.17 unit and lower by about 7.5% than those in the CR, respectively. Li et al. (2009) reported that pH was greater for the cranial site compared with the caudal site, but VFA concentrations in the 2 sites were similar. Rumen fluid in the CRD is suspected to be affected by incoming saliva because this site is in close proximity to the esophagus. The CR had the ◊ lowest pH among the 5 sites in the rumen, which is in agreement with the previous study by Duffield et al. (2004) . The pH values ranged from 6.72 to 6.85 in the rumen fluid of CRV, CR, CAD, and CAV. Variations in the efficiency of rumen mixing and host VFA absorption might cause structured regional pH stratification (Li et al., 2009) . Ruminal pH could directly influence microbial populations, activity, and growth and, consequently, ruminal fermentation (Rumsey et al., 1970) . However, Li et al. (2009) did not find any significant differences in either the bacterial PCR-denaturing gradinent electrophoresis profiles or populations of selected bacterial species in 5 sites in the rumen, with the lowest pH being 5.85. Furthermore, their study also did not support the idea that the differences in pH among 5 sites within the rumen were associated with the changes in microbial activities (Li et al., 2009) . In this study, the lowest pH measured was 6.22, which did not seem to be low enough to result in inhibition of pH-sensitive organisms, such as methanogens, fibrolytic bacteria, fungi, and protozoa. Furthermore, most fermentation end products were not greatly different among CRV, CR, CAD, and CAV sites, except for the dCH 4 concentration. Changes in dCH 4 concentration might be associated with uneven distribution of methanogen population and differences in methanogen activity, which needs to be further confirmed. They might also be attributed to incomplete mixing and different degrees of supersaturation of dCH 4 and dH 2 .
Sampling Time
Sampling time is an important factor for determination of rumen fermentation products, as the temporal patterns of ruminal pH, dH 2 , and VFA concentrations are markedly affected by feeding (Smolenski and Robinson, 1988; Aschenbach et al., 2011; Doepel and Hayirli, 2011) . The elevated substrate available in the rumen after a meal increases the rate of fermentation and the growth and activity of microbiota (Li et al., 2009) , fractional rate of VFA absorption, and outflow (Dijkstra et al., 1993) . The estimated R NH2 in rumen fluid in this study was smallest at 2.5 h and then increased at 6 h after morning feeding. This indicates that increased available fermentable carbohydrate in the rumen after feeding could lead to fermentation pathways of producing less H 2 , which is further confirmed by the increased molar proportion of propionate and butyrate (Li et al., 2009 ). However, variations of R NH2 might be underestimated, as indicated by the much smaller SEM than that of VFA concentrations. This underestimation is likely partially caused by the assumption of equal fractional rates of absorption of individual VFA. Further studies should consider the effects of different fractional absorption rates of VFA and the impact of VFA metabolism on the transport rate of VFA across epithelial membranes (Storm et al., 2012; Dijkstra et al., 1993) . In contrast, concentrations of rumen dH 2 , dCH 4 , and VFA and Vg exhibited their highest values at 2.5 h after morning feeding and then decreased at 6 h after morning feeding. Robinson et al. (1981) reported that the dH 2 concentration was greatest 1 h after morning feeding in the bovine rumen. Thus, sampling time needs to be considered in designing experiments to understand differences and interactions of dH 2 , dCH 4 , pH, VFA, and estimated R NH2 .
Dissolved Gases in the Rumen
Ruminal dH 2 concentration in this study ranged from 0.03 to 6.7 µM. This magnitude is in the range measured in other studies. For example, ruminal dH 2 concentrations were 0.6 to 1.3 µM in cannulated cows (Hungate, 1967) , 0.6 to 3.4 µM in sheep (Hillman et al., 1985) , 0.2 to 28 µM in sheep (Barry et al., 1977) , and 0.44 to 4.46 µM in cows (Guyader et al., 2014) . The dH 2 concentration had a range of 0.84 to 4.51 µM for in vitro ruminal fermentation of 8 different types of feedstuffs (Wang et al., 2014) . Moate et al. (2013) reported that CH 4 concentration in the gas phase of the rumen was less than 35%. The Bunsen absorption coefficient of CH 4 under 1 atm and 39°C is 0.0257 L/L (calculated by Eq. [1c]), and 35% headspace gCH 4 concentration would equilibrate with 0.402 mM dCH 4 , according to the Henry's law. The mean dCH 4 concentration in the rumen was 0.75 mM in this study, indicating that the gCH 4 concentration in the gas phase of the rumen should be more than 60%, which is not sensible in the rumen. The actual mean dCH 4 concentration in our study was therefore larger than expected, suggesting that dCH 4 could be supersaturated in the liquid phase of the rumen. Supersaturation of dCH 4 in the liquid phase means that dCH 4 concentrations cannot be estimated on the basis of the CH 4 partial pressure in the rumen headspace. Further investigation is needed to verify supersaturation of dissolved gases in the rumen using measurements collected from a single study. Estimation of dH 2 from headspace concentrations Figure 2 . Relationships (A) between dissolved H 2 (dH 2 ) and Ac/Pr, (B) between dH 2 and Ac/Bu, (C) between dH 2 and R NH2 , and (D) between dH 2 and dCH 4 . Ac/Bu, the acetate to butyrate ratio; Ac/Pr, the acetate to propionate ratio; R NH2 , net H 2 production relative to amount of total VFA produced; dCH 4 , dissolved methane. Rumen fluid samples were collected at 0, 2.5, and 6 h after morning feeding from 4 cows (n = 12). ◊ could similarly be complicated by supersaturation (or subsaturation) and should be investigated. Shen et al. (2012) reported that stomach tubing to insertion depths of 180 and 200 cm reached CRD and CR, respectively. Our results were different, which may be attributed to different body sizes and to feed intake and its potential effects on rumen fill of the cows, so that the same insertion depth can reach different parts of the rumen. The body sizes of the dairy cows used were different between these 2 studies. The cows in the present study (BW = 460 ± 38.7 kg, mean ± SD) were lighter than those (BW = 604 ± 36.0 kg) used by Shen et al. (2012) .
Comparison of the 2 Sampling Techniques
Rumen fluid collected by oral stomach tubing had greater pH and smaller VFA concentrations than those collected through the rumen cannula. Previous studies indicated that saliva contamination increased the ruminal pH and decreased VFA concentration (Geishauser and Gitzel, 1996; Duffield et al., 2004; Ramos-Morales et al., 2014) . It seems that saliva contamination was not totally avoided during oral stomach tubing in this study, although shortening the sampling time and inserting the tube head into the central and caudal rumen reduced the extent of saliva contamination (Geishauser and Gitzel, 1996; Shen et al., 2012) .
Rumen fluid collected by oral stomach tubing had significantly lower V g and dCH 4 concentrations than that collected through the rumen cannula. No significant difference was observed between the 2 sampling techniques for dH 2 measurements, and the dH 2 concentrations in the rumen fluid collected through oral stomach tubing at insertion depths of 180 and 200 cm had a strong and linear correlation with those collected through the CR and CDR sites, respectively. However, an overall deviation of dH 2 concentration between the 2 sampling techniques still existed, with scale shift being about 0.1 away from unity. The good correlation of dH 2 measurements between the 2 sampling techniques is in part due to the large range of dH 2 concentrations in response to feeding.
Effects of Ruminal dH 2 Concentration on Fermentation Pathway
Some of the reducing equivalents generated in the rumen are converted to H 2 by hydrogenase-expressing bacteria, fungi, and protozoa. A small part of the unused H 2 (less than 1% of the amount converted to CH 4 ) enters the rumen gas phase and is released into the air from the rumen (van Zijderveld et al., 2011; Wang et al., 2013) . Most of the H 2 is used by methanogens to produce CH 4 , keeping a low H 2 partial pressure in the rumen. It is widely reported that the growth rate of methanogens increases with increased H 2 concentration (Pavlostathis et al., 1990; Janssen, 2010) , resulting in increased CH 4 production. The dH 2 and dCH 4 concentrations 2.5 h after feeding were about 254% and 41% greater in samples collected using oral stomach tubing and about 387% and 18% greater in samples collected through the rumen cannula compared with those at 0 h. It was obvious that large increases in dH 2 concentration did not result in proportionately similar increases in dCH 4 concentration at 2.5 h after feeding. Dynamic changes in dH 2 concentrations reflect a balance of H 2 production and utilization. Because there is a small pool (in the micromolar range), with a large flux through it, changes in the input (production) and outflow (utilization) from this pool can have a large effect on the dH 2 concentration. The dCH 4 concentration was more than 100 times larger than the dH 2 concentration in the rumen fluid, and changes in the rate of dH 2 conversion to dCH 4 are probably dampened in this larger pool.
Rumen dH 2 exerts a thermodynamic control on the fermentation pathways leading to VFA production (Ellis et al., 2008; Ungerfeld, 2015) . Greater dH 2 favors fermentation pathways that produce less H 2 (Janssen, 2010; Wang et al., 2014) . There was a significant negative correlation between dH 2 and estimated RNH 2 in rumen fluid collected through the rumen cannula and a trend of negative correlation when the rumen fluid was collected by oral stomach tubing. These results showed that dH 2 concentration affected the fate of ruminal reducing equivalents generated in dairy cows. It seemed that when dH 2 was elevated, a greater portion of reducing equivalents was directed toward VFA production and smaller portion to gH 2 . Increased dH 2 appeared to enhance the production of propionate and butyrate, as indicated by significant correlations between dH 2 and Ac/Pr and between dH 2 and Ac/Bu in rumen fluid collected using both sampling techniques in this study. Therefore, determining ruminal dH 2 concentrations should help increase our understanding of rumen function and the fate of reducing equivalents generated from the fermentation of feed.
Conclusions
No differences were observed for the molar proportion of individual VFA, dH 2 concentration, and estimated R NH2 among 5 sites in the rumen, indicating that the fermentation pathways at all 5 sites were similar. Rumen fluid collected by oral stomach tubing contained dH 2 concentrations similar to that collected through the rumen cannula, but variations between the 2 sampling techniques were observed. The length of time after feeding had a great impact on dissolved gases as well as on fermentation products and rumen pH. ◊ Rumen fluid collected using both sampling techniques showed negative correlations between dH 2 and Ac/Pr and between dH 2 and Ac/Bu and positive correlation between dH 2 and dCH 4 . These results indicate that application of both sampling techniques yielded similar conclusions regarding the effect of dH 2 in controlling rumen fermentation pathways and CH 4 generation, and both techniques can be used to collect the rumen fluid for the measurement of dissolved gases and VFA.
